Stork and Baine first demonstrated the synthetic utility of vinyl radicals by carrying out reductive cyclizations to form five and six-membered rings. 1 Bu 3 SnH and azobisisobutyronitrile (AIBN)
were used to carry out vinyl radical cyclizations onto indole yielding mainly reduced adducts. 2 Later vinyl radical cyclization with aromatic substitution was achieved using a tin-free chain reaction, where displacement of indole-2-sulfonyl substitutent occurs. 3 Effective five and sixmembered intramolecular aromatic substitutions of vinyl radicals using Bu 3 SnH and AIBN were reported by Padwa et al. 4 Although, usually the use of the "reductant" Bu 3 SnH is not conducive with efficient aromatic substitution, where net-loss of H • or "oxidation" occurs. 5, 6 Where prior to the substitution the vinyl radical is generated via an intermolecular addition onto alkynes, 7 yields of aromatic product are traditionally modest. 8 The first synthetically viable tandem process containing an intermolecular addition onto alkynes was reported by Santi et al. using Mn(III)-mediated oxidation of benzylmalonates with the subsequent vinyl radical aromatic substitution giving naphthalene derivatives in moderate to good yields. 9 Most recently, Zhou and coworkers used a photo-redox catalytic system to synthesize 2-trifluoromethyl quinolines with imidoyl radical addition onto alkyne followed by aromatic substitution, 10 and Li and coworkers reported benzothiophenes under oxidative catalytic conditions with an initial sulfanyl radical addition onto but-2-ynedioates. 11 The decomposition of Barton esters {O-acyl thiohydroxamate ester or pyridine-2-thione-Noxycarbonyl (PTOC)} 12 provides a means of achieving aromatic substitution under mild initiatorfree conditions, [13] [14] [15] as demonstrated by Barton et al. for intermolecular substitution of nucleophilic alkyl radicals onto heteroaromatic salts. 13 Most recently we used Barton esters in radical cyclizations resulting in some high yielding five to seven-membered alkyl and cyclopropyl annulations of indoles and benzimidazoles. 14, 15 In the present article we report a new use of Barton esters, as precursors for one-pot initiator-free cascade/tandem reactions (Scheme 1). The tandem reaction involves intermolecular addition of alkyl radicals onto alkyl propiolates or phenylacetylene followed by intramolecular substitution of vinyl radicals onto indoles. Investigations into the use of disubstituted (internal) alkynes with two different substituents are also presented with substitution products demonstrating the selectivity of the radical addition onto the alkyne.
Scheme 1. One-pot initiator-free tandem reactions with 3-substituted indoles
Conditions: (i) Barton ester formation; HOTT (1.5 equiv.), Et 3 N (3 equiv.), THF-MeCN, rt, dark, 40 min; (ii) radical generation and tandem reactions; alkyl propiolate (8 equiv.), CSA (4 equiv.),
MeCN, reflux, 6 h.
The two-step one-pot protocol involves initial transformation of indole carboxylic acids (e.g. 1a
and 1b) into Barton esters using Garner's HOTT (S-(1-oxido-2-pyridinyl)-1,1,3,3-tetramethyl thiouronium hexafluorophosphate) 16 in the absence of light (Scheme 1). HOTT is a useful coupling reagent for forming labile Barton esters from hindered or difficult carboxylic acids. The alkyne is present in excess (8 equivalents) in order to favor the intermolecular addition with reactions using terminal alkynes only proceeding efficiently by carrying out the radical generation and tandem reactions step under acidic conditions {4 equivalents of camphorsulfonic acid (CSA)}. CSA neutralizes remaining triethylamine from the Barton ester formation step, which would otherwise cause inadvertent dimerization of the alkyne. The one-pot reaction sequence begins with Barton ester thermal dissociation to give a nucleophilic ethyl radical that undergoes addition onto the unsubstituted carbon of the terminal alkyne resulting in a vinyl radical for aromatic substitution.
The yields for reactions with indole-3-carbonitrile 1a and indole-3-carbaldehyde 1b with methyl and ethyl propiolate to give 6,7-dihydropyrido[1,2-a]indoles 2a, 2b and 2d are 72-79%, with a smaller isolated yield obtained of adduct 2c (68%) from the reaction of 1a with tert-butyl propiolate. The tandem protocol is insensitive to substituents at the indole-3-position with 3-methylindole-1-propanoic acid (1c) giving 10-methyl-6,7-dihydropyrido[1,2-a]indole-9-carboxylate 2e in 76% yield inferring a non-polar cyclizing radical. An efficient chain for vinyl radical aromatic substitution is indicated since no other indole-adducts were observed.
Scheme 2. One-pot initiator-free tandem reactions with 3-unsubstituted indole
Though ESR data has suggested α-carboxy and α-phenyl vinylic radicals adopt close to linear π-type resonance stabilized structures, 17,18 a bent σ-type structure has been reported.
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The conjugation of the vinyl radical with the adjacent substituent gives an electrophilic radical, while a nucleophilic or neutral radical would be expected if the σ-type structure is adopted. The isolation of only aromatic substitution product 3a in 72% yield from the reaction of 3-unsubstituted 1-indolepropanoic acid 1d with methyl propiolate (Scheme 2) confirmed that the intermediate vinyl times slower than onto alkyl propiolates. The selectivity of the ethyl radical addition onto ethyl 3-phenylprop-2-ynoate to give an α-styryl vinylic radical and onto methyl hex-2-ynoate to give an α-propyl vinylic radical respectively was confirmed by the X-ray crystal structures of the substitution products ( Figures S1 and S2) ; ethyl 10-cyano-9-phenyl-6,7-dihydropyrido[1,2-a]indole-8-carboxylate (7b) and methyl 10-cyano-9-propyl-6,7-dihydropyrido[1,2-a]indole-8-carboxylate (7c).
The addition is thus dictated by steric factors in agreement with the ESR observation of α-phenyl vinyl radical formation from the addition of Me 3 C • onto alkyl 3-phenylprop-2-ynoates. 17 The lowest yielding tandem reaction to give adduct 7c emphasizes the steric congestion about methyl hex-2-ynoate. The formation of sulfides 8a and 8b is only observed where the alkyne is less reactive, and can occur by alternative ethyl radical reactions such as combination with the 2-thiopyridinyl S-radical or from addition onto the Barton ester 13, 22 to establish a chain.
In summary a radical initiator-free (and metal catalyst-free) tandem approach has allowed access to novel alicyclic [1,2-a] ring-fused indoles from commercially available reactants. The aromatic substitutions revealed that the vinyl-radical is non-polar, as well as, allowing the assessment of alkyl radical reactivity towards alkynes.
EXPERIMENTAL SECTION
Materials. Carboxylic acids 1b-1f used are commercially available, although 1a and 1e were readily prepared on gram-scale from indole-3-carbonitrile 14 and indole 23 respectively by basic alkylation and hydrolysis of methyl esters. HOTT though commercially available, was accessed using the literature procedure, 16 which in our hands yielded almost 10 g of HOTT in 65% yield.
Solvents were distilled over appropriate drying agents prior to use and all reactions were carried out under a nitrogen atmosphere. Et 3 N was distilled over CaH 2 before use. Monitoring of reactions by
Thin Layer Chromatography (TLC) was carried out on aluminum-backed plates coated with silica gel (60 F 254 ). Column chromatography was carried out using silica gel 60 (particle size 0.040-0.063 mm).
Measurements. IR spectra were obtained using a FT-IR spectrophotometer with ATR accessory.
NMR spectra were recorded using a 400 MHz instrument. Chemical shifts are reported relative to 
Methyl 11-(pyridin-2-ylthio)-7,8-dihydro-6H-azepino[1,2-a]indole-10-carboxylate

ASSOCIATED INFORMATION Supporting Information
X-ray crystal structures of 7b and 7c (with CIF files) and 1 H NMR and 13 C NMR of all products.
Crystallographic data (excluding structure factors) has been deposited with the Cambridge Crystallographic Data Centre as supplementary publication CCDC-996100 for (7b) and CCDC-996099 for (7c). This material is available free of charge via the Internet at http://pubs.acs.org.
